and an imbalance between potassium and manganese exchangeable cations. These mine soils are strongly affected by high Pb, Zn and Cd levels which hinder revegetation.
MATERIAL AND METHODS

Study area
The Lakhouat mine located in West-Northern Tunisia (UTM Zone 32 North 522005.378/ 4014334.773) (Figure 1 ) is characterized by a sub-humid to semi-arid climate. The heavy rainy season occurs from September to April. The most rainfall month is January with 64.9 mm and the driest month is July with 2.5 mm. The highest temperature was recorded on July with 29.2 °C and lowest was recorded on January with 10.4 °C. The monthly average humidity ranges from 69% in January to 41 .5% in July. The prevalent winds in Lakhouat Mine are from North-East to South-West and have an average speed of 2.85 m/s. In the Lakhouat Mine, ore deposits contained galena, schalenblende, pyrite, marcasite and calcite.
The tailings from the Lakhouat mine are stored on three dams (Figure 1 ). The adjacent soils are occupied by various annual crops essentially cereal. The mine was closed in 1992 due to the depletion of reserves. 
Soil sampling and analysis
The study area was divided into four differentiated zones ( Figure 1 ): (1) the mining area (2) three tailing dams where the sludge was deposited from the Zn and Pb flotation Process (3) an area close to the dams and consists of rolling hills and small riparian which make a water erosion evidences and (4) a zone of cereal crop plots.
A tailings sample (S1) and three soil samples (S2, S3 and S4) were taken respectively from zones 2, 3 and 4 (Figure 1) , to study the lateral distribution of Pb, Zn and Cd.
Five subsamples per sampling area were randomly collected to a depth of 30 cm and stored in polyethylene bags. Soil samples were air dried in the laboratory, passed through a 2-mm sieve and homogenized in a vibratory homogeniser for solid samples.
The soils were described according to the FAO guidelines [17] . Soil pH was determined with a pH electrode (Sen Tix 41 (WTW) PLUS) in 1:2.5 distilled water to soil extracts [18] .
Electrical conductivity (EC) was also determined from saturated soil-paste with Tetra 325 electrode (WTW) according to U.S. Salinity Laboratory Staff [19] . Particle size distribution was determined following oxidation of organic matter with hydrogen peroxide, the upper fraction (down to 50 mm) being separated by sieving and the lower one used for subjection to the internationally endorsed procedure [20] . [22] . Total Kjeldahl-N (organic plus ammonium-N) was determined after sample pretreatment with salicylic acid and digestion in sulfuric acid for 20 min. An aliquot of each extract was analyzed by potentiometric titration [23] . The phosphorus content (P) was extracted with a mixture of ammonium fluoride (NH 4 F) and EDTA [24] . The carbonate content was determined with a LECO-100 analyzer connected to a LECO-CN-2000.
Total trace element content was extracted by means of acid digestion using a mixture of were determined by using these criteria.
Statistical analysis
The results were analyzed statistically using the software SPSS ® for Windows version 20.0.
Statistical significance of differences was determined by variance analysis ANOVA and Duncan's multiple range test were used to compare the differences between the soils and the least-significant difference (LSD) test at the 5%level was used to separate the means.
RESULTS AND DISCUSSION
General characteristics of soils
The topsoil description was described according to the FAO guidelines [19] ( Table 1) . The physical and chemical characteristics of the soils (S1, S2, S3 and S4) are summarized in table 2, which indicates significant differences in the components and properties of the soils.
The soil pH were alkaline and varies between 8.01 (S2) and 8.49 (S4). The organic matter content varies between 1.26% (S1) and 1.74% (S4). EC ranges from 0.24 dS m -1 (S3 and S4) to 1.10 dS m -1 (S1). The CECe varies between 16.91 cmol kg -1 (S1) and 29.37 cmol kg -1 (S3).
Carbonate contents were not detected on S1 and reached 42% on S2. The particle size distribution of soils exhibits a substantial variation in sand, silt, and clay contents ranging from 16 to 89% for sand, 6 to 38% for silt, and 6% to 70% for clay. The soils present a nitrogen content that varies between 0.18% (S1) to 90% (S4). These depressed areas have allowed the deposit of tailing wastes, for this reason S3 showed higher significant concentrations of Pb, Zn and Cd than S2.
(2) Physicochemical properties of soil samples: It was reported that the physical and chemical properties of soil, including CECe, clay content, and pH, were the dominating factors of trace elements mobility [1, 31, 32] . Lead, Zn and Cd mobility increased with decreasing soil CECe, decreasing soil organic matter decreasing carbonate contents and decreasing soil clay content [33] . Table 2 showed that the CECe content in S3 was 26.17 cmol kg -1 greater than that on S1
and S2, respectively.
(3) The abandoned tailing dams without implementing a protection system, the natural spread of tailing by wind, water and rainfall results in the contamination of adjacent soils: Wind transport of tailings may be another important factor influencing the spreading of pollution, as has been reported by several authors for pollution distribution from minning area [13, 34, 35, 36, 37] . Furthermore, in semi arid environments, aeolian erosion is the dominant natural means of pollution by tailing mine spread to agricultural adjacent soils. Consequently, soils located in the prevalent wind direction from the tailing dams, were contaminated in Pb, Zn and Cd due to the aeolian deposition of trace elements-rich particles. In addition, hydric transport is a local cause of trace elements contamination. For example, soils are flooded during flood periods and receive substantial quantities of tailings materials from tailing dams, which lead to Pb, Zn and Cd contamination of the surrounding agriculture soils.
Limiting Factors for revegetation
A series of critical values were assigned to each of the physical or chemical parameters based on the method proposed by the Soil Fertility Capability Classification [5] Table 3 presented the limiting factors for revegetation for S1, S2, S3 and S4. The effective depth (E.D) of S1 and S2 is less than 50 cm, which is considered to be a limiting factor for plant growth [4] . Similarly, S1 and S2 have strong limitation for >2mm fraction and low organic matter. These conditions are often identified as some of the main factors contributing to declining soil productivity in mine soils and soil degradation by decreased aggregate stability, increased risk of erosion and reduced nutrient leaching.
The studied soils presented a moderately alkaline pH which contributed to a decrease of Pb, Zn and Cd mobility essentially by the formation of precipitates and by increasing the number of sorption sites. The carbonate rich conditions at Lakhouat mine (S2, S3 and S4) produce and maintain a moderately alkaline soil pH. This pH decreases the solubility of Pb, Zn and Cd by reducing their soil solution concentrations and their absorption by plants.
A common chemical characteristic limit of the soils is abnormally high soil potassium which causes reduced crop production. All of the soils have a limiting factor for the studied trace elements with high concentrations of total Pb (pb1), Zn (zn1) and Cd (cd1) which may seriously jeopardize the revegetation.
The limit factor K/Mg ratio indicates that the soil has lower availability of Mg in all studied soil.
Soil phosphorus on S1 and S2 was low because the soil fines fraction was also low (6% and 2% compared to 70% and 38% on S3 and S4) [38] , causing less phosphorus to be available to plants [39] . In addition, decreased of the phosphorus concentrations in both S1 and S2 are probably due to organic matter adsorbing extractable phosphorus or to microbial uptake of available phosphorus for organic matter decomposition.
None of the soil samples exhibited the limit factor N, despite S1 and S2 have a low N content which might due to the toxicity of the tailings and thus the absence of microorganisms that transform organic N into forms that are available to plants [40] . However, we showed a progressive increase of N far to the lead tailing dams; eventually S3 and S4 presented higher N percentage indicating higher microorganism densities in these soils proportionally with the decrease of mine tailing. [13, 28, 36, 41] and showed that Tunisian minesoils concentrations therefore have very high Pb and Zn levels which are probably the most important hindrance that has to be overcome before revegetating [42] .
CONCLUSION
The Pb, Zn and Cd concentrations in the studied polluted soils were higher than the maximum [2] Monterroso C., Rodríguez F., Chaves R., Diez J., Becerra-Castro C., Kidd P.S., Macías F. Heavy metal distribution in mine-soils and plants growing in a Pb/Zn-mining area in NW Spain. 2014, Appl Geochem. 44: 3-11.
[3] Nyamangara J. Use of sequential extraction to evaluate zinc and copper in a soil amended with sewage sludge and inorganic metal salts. 1998, Agri. Ecosyst. Environ. 69:
135-141. [5] Passariello B., Giuliano V., Quaresima S., Barbaro M., Caroli S., Forte G., Carelli G., Iavicoli I. Evaluation of the environmental contamination at an abandoned mining site. 2002,
